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We report on optical investigation of phosphate glasses doped with Yb2O3. UV–Vis and FT-NIR optical
absorption, photoluminescence, time-resolved photoluminescence and refractometry techniques are
used. Cluster formation of Yb3+ was not observed as well as, no evidence of cooperative luminescence
among Yb3+. An exponential decay of the 2F5/2?
2F7/2 lifetime of ytterbium was found when the inter-
ionic distance decreases. The quantum efﬁciency and laser performance were also investigated. Relatively
high ﬁgure of merit was found, 0.33  1020 cm2 ms. The values of the minimum fraction of Yb3+ for min-
imum laser gain, pump saturation intensity and minimum absorbed pumping intensity were estimated.
 2013 Elsevier B.V. All rights reserved.1. Introduction
The development of glasses doped with a trivalent lanthanide
(Ln3+) is of great interest since these materials are used in the
development of photonics devices [1]. Nowadays the Ytterbium
(Yb3+) ion is considered as the main dopant for applications of high
power lasers, tunable laser emission and ultra-short pulse lasers in
the near infrared range [2,3]. The gain of these devices is limited by
the rapid energy transfer and the non-radioactive relaxation taking
place within cluster of Ln3+ [4,5], which can be measured via the
cooperative luminescence of the Yb3+ ions [6–8]. Therefore, in or-
der to have a good performance in a photonic device, it is necessary
to limit the clustering of the Yb3+.
Some characteristics of these ions which can be highlighted are:
(i) simple structure of energy levels with the 2F7/2 being the ground
state and the 2F5/2 being the excited state; (ii) absorption band cen-
tered around 975 nm; (iii) a relatively high cross section which
associated with the privileged position of the spectrum, allows
the Yb3+ to be pumped by diode lasers; (iv) an excellent sensitizer
for other Ln3+ [4,5]; (v) may exhibit small quantum defects result-
ing in low heat generation per excited ion, (vi) absence of excited
state absorption, (vii) the Yb3+ ion may be a local probe for evalu-
ating the Ln3+ ion clustering in solids from its cooperative lumines-
cence [9]; (viii) the broad emission band of Yb3+ ion which allows
the generation of ultra-short pulses in the femtosecond range [10].
The latter characteristic aroused the interest in the investigation of
the spectroscopic properties of Yb3+ doped glasses, such as, theabsorption and emission cross-sections, the lifetimes of excited
states, and the radiative quantum efﬁciencies.
Among interesting properties that a glassy host material should
have the degree of optical transparency is among the most impor-
tant ones. This feature is found in the phosphate glass PZABP (60
P2O515 ZnO5 Al2O310 BaO10 PbO (mol%)). Its optical window
is reasonable large which implies an optical gap in the near UV re-
gion (275 nm). This glassy system would be important to, for
example, an Ln3+ ion co-doping with emission in the UV. Doping
phosphate glasses with Yb3+ is attractive as it allows high concen-
trations of Yb3+ together with other dopants.
In the present Letter we report the effect of the concentration of
Yb2O3 on the spectroscopic properties of the glass system PZABP
doped with Yb3+. The absorption and emission cross-section were
calculated from the absorption spectra in order to evaluate its
potentiality as laser-active medium. The decay curve of the 2F5/2 le-
vel was measured as a function of the concentration of Yb2O3 in an
attempt to understand the dynamics of the excited state. The
absorption and emission cross-section as well as laser performance
parameters were compared with different laser glasses in order to
compare ﬁgures of merit.2. Experimental procedures
2.1. Sample preparation
The investigated samples are the set: PZABP + [xYb2O3] (wt%)
where x = 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10. The PZABP glass with
nominal composition 60P2O515ZnO5Al2O310BaO10PbO (mol%)
was synthesized by the melting method and doped with rare earth
Yb3+ ion. The powders were ﬁrst mixed and then fused at 1300 C
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undergoes an annealing at 350–400 C which was maintained for
48 h to partially remove internal stresses. Finally, the samples were
polished to get smooth, transparent and uniform surface for optical
properties measurements. The samples after polishing are shown
in Figure 1.
2.2. Instrumentation
The density of the polished samples has been determined by
Archimedes principle with water as the immersion liquid. The
refractive indices of the samples were determined with an Abbe
refractometer using bromonaphthalene as an adhesive coating
and He-Ne laser (632.8 nm) as light source. The optical absorption
(OA) spectra in the UV–Vis range were recorded with an UV-2550
Shimadzu spectrometer. Spectra in the NIR range were obtained by
an MPA (Multi Purpose Analyser) from Bruker with a resolution of
1 nm. The photoluminescence (PL) was performed with a semicon-
ductor laser emitting at 808 nm. It is important to note that in this
case the wavelength of the pumping is not resonant with the Yb
absorption. Therefore, the PL emission is obtained by exciting the
defects that usually exist in glasses, forming a practically contin-
uum of states inside the band gap [11]. Luminescence signals were
collected into a Digikrom DK480 monochromator coupled to a
R928 photomultiplier of Spectral Products (Vis) and an InGaAs
detector from Electro-Optical Systems, mod. IGA-030-H Receivers
(NIR). The lifetime was measured via time-resolved photolumines-
cence technique using an IGA-010-H detector and a digital oscillo-
scope Minipa, model MO-2300 to gather the data.
2.3. Sample evaluations and laser performance parameters
The emission cross-section has been calculated by the reciproc-
ity method [12] where the absolute value of cross-sections and
accurate spectral information can be obtained. The absorption
cross-section, rab, and emission cross-section, rem, are related
according to the following relationship [13]:
remðkÞ ¼ ZlZu rabðkÞ exp
Ezl  hck1
kT
 !
; ð1Þ
where Zl, Zu represent the partition functions of the lower and the
upper states, k is the Boltzmann’s constant, T is the temperature
and Ezl is the zero-line energy which is the energy separation be-
tween the lowest components of the upper and lower states. The
partition functions in Eq. (1) are composed by two factors: the de-
gree of degeneracy and the thermal occupation of the sublevels.
However, in the high temperature limit, the ratio between them
turns out to be the ratio of the degeneracies [13]. This approxima-
tion is available for the Yb3+ doped glasses, since only one broad
absorption band, corresponding to the 2F7/2? 2F5/2 transition, was
observed even at low temperature, and so that the levels can be rep-Figure 1. Set of samples PZABP + [xYb2O3] (wt%) where x = 0, 1, 2, 3, 4, 5, 6, 7, 8, 9
and 10 after the polishing.resented as two continuous sets of levels [13,14]. The zero-line en-
ergy, Ezl, is associated with the strongest peak in the absorption
spectrum.
From the absorption and emission cross-section spectra it is
possible to obtain important parameters related to the laser perfor-
mance in diode-laser pumped systems. The ﬁrst important laser
parameter, bmin, is deﬁned as the minimum fraction of Yb3+ that
must be excited to balance the gain exactly with the ground-state
absorption at laser wavelength, k. The bmin is given by [14,15]:
bmin ¼
rabsðkÞ
rabsðkÞ þ remiðkÞ ¼ 1þ exp
Ezl  hck1
kT
 !( )1
: ð2Þ
When the fraction of the population bmin of Yb3+ is excited, the
upward and downward transition rates are equal and the Yb-
doped glass essentially becomes transparent at wavelength k such
that there is neither gain nor loss for a weak laser probe beam.
Small values of bmin are desirable in order to have minimal reso-
nant absorption losses.
Another important parameter that characterizes the pumping
dynamics is the pump saturation intensity, Isat, which requires an
accurate measure of the absorption cross-section at laser pump
wavelength, kpump, and the emission lifetime, sexp, of Yb3+. The
pump saturation intensity can be obtained as follows [14,15]:
Isat ¼ hckpumprabsðkpumpÞsexp ; ð3Þ
where hc/kpump is the pumping energy. A broad cross-sections and
longer emission lifetimes lead to favorably low values of Isat.
Finally, Imin is a parameter which evaluates the minimum ab-
sorbed pump intensity. This parameter is required for threshold
to be reached. Imin takes into account both the absorption and
emission properties and is calculated by the following expression
[14,15]:
Imin ¼ hckpumprabsðkpumpÞsexp 1þ exp
Ezl  hck1
kT
 !( )1
: ð4Þ
For the laser performance, Imin parameter provides useful mea-
sure of how ease the Yb3+ doped glass can be bleached. To obtain
the minimum power to have laser threshold the two parameters
(Isat, Imin) should be minimal. Since the minimum pump intensity
takes into account both absorption and emission properties, the
favorable spectroscopic parameters which lead to more attractive
lasing performance, should include a large emission cross-section
at k, a large absorption cross-section at kpump, and a long lifetime
of the upper lasing level. In addition, it is desirable to have the
smaller energy-level splitting (degeneracy break due to external
potentials) in order to avoid the rise of the resonant absorption.
The calculated lifetime is given by,
scal ¼ jWradj1; ð5Þ
where Wrad is the radiative transition rate for the Yb3+, given by
equation [14]
Wrad ¼ 8pcn
2ð2J0 þ 1Þ
k4pð2J þ 1Þ
Z
rabsðkÞdk: ð6Þ
In Eq. (6) kp is the wavelength of peak absorption, J and J0 are the
total momenta for the upper and lower levels and rabs is the
absorption cross-section. The quantum efﬁciency is found by the
relationship,
g ¼ sexp
scal
; ð7Þ
where sexp is the experimental lifetime. The lifetime can be ex-
pressed by:
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Wnrad is the non-radiative decay rate which is the sum of the
contributions of all non-radiative processes [16]:
Wnrad ¼ Wmp þWYb þWOH þ RWtm þ RWre ð9Þ
The ﬁrst term refers to multi-phonon relaxation and is an
intrinsic loss that depends on the temperature and the glass matrix
[17]. The second term is due to the contribution of Yb3+ concentra-
tion and refers to the energy exchange between Yb3+ ions due to
possible clustering effect. The last three terms are related to the
interaction between Yb3+ ions and impurities such as OH- groups,
transition-metal ions, and other rare-earth ions that enter during
phosphate glass fabrication process.Figure 3. Absorption coefﬁcient spectra of the samples PZABP + xYb in the NIR
region. The samples presented an absorption peak centered at 975 nm correspond-
ing to the 2F7/2? 2F5/2 transitions. The inset shows variation of absorption
coefﬁcient with Yb2O3 concentration.3. Results and discussions
All measurements were made at room temperature, the refrac-
tometer was calibrated with distilled water at temperature of 20 C
and measurements were made while maintaining the same
temperature.
3.1. Refractive index
The refractive index of a glass depends mainly on the individual
polarizabilities of the cations, their concentration and their size
[18]. Accordingly, as in our samples all cations are ﬁxed, the refrac-
tive indexes are determined by the concentration of the Yb3+ per
unit volume. The dependence of the refractive index of the glass
system PZABP with the concentration of Yb2O3 is presented in Fig-
ure 2. As expected the behavior is linear with the concentration.
3.2. Absorption and emission cross-sections
The absorption coefﬁcient spectra in the NIR range of the doped
samples in function of Yb3+ concentration is illustrated in Figure 3.
The samples present an absorption peak centered at
the 2F7/2? 2F5/2 transitions (975 nm). The inset shows the inten-
sity dependence of the absorption coefﬁcient of the 975 nm peak
with Yb2O3 concentration. The observed linear increase conﬁrms
the incorporation of the Yb3+ ions by the glass matrix. The absorp-
tion cross-section was obtained by the knowledge of the absorp-Figure 2. Variation of the refractive index of the PZABP system glassy as a function
of the concentration of Yb3+ ions. This data were obtained using a laser with
wavelength of 632.8 nm. The red line is a guide to the eyes.(For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)tion coefﬁcient given by the Lambert–Beer law. The absorption
cross-section is then obtained by the ratio of former coefﬁcient
and the ions concentration. This result allows the calculation of
the emission cross-section via Eq. (1). The spectroscopic properties
rab and rem cross-sections, experimental (sexp) and radiative (scal)
lifetimes have been evaluated and are shown in Table 1. Other
parameters presented in Table 1 will be referred in order of topic
presentation.
The absorption and emission cross-sections spectra of sample 1
(wt%) Yb2O3 is shown in Figure 4 with absolute cross-section
scales. The line shapes of the absorption and emission cross-sec-
tions spectra are similar for the whole set of samples. The broad
absorption and emission Yb3+ ions are due to electronic transitions
involving the Stark sublevels of the 2F7/2 and 2F5/2 levels. It is
clearly seen from Table 1 that the glassy system PZABP shows no
signiﬁcant variation in absorption and emission cross-sections.
This is due to the fact that Yb3+ ions have no cluster effect. These
assumptions are further substantiated by constant values of emis-
sion cross-section, remi (1001 nm) with the increase of Yb3+ ions
concentration (Table 1).3.3. Photoluminescence
Figure 5 shows the photoluminescence spectra of PZABP glassy
system in function of the concentration of Yb2O3. In the ﬁgure a
broad emission from 950 nm to 1100 nm is observed. The peak
emission wavelengths are the same as the peak absorption wave-
lengths and are located at 975 nm and 1001 nm, respectively
which are characteristics of the emission spectrum of Yb3+ ions.
These emissions correspond to the splitting of the electronic tran-
sition 2F5/2? 2F7/2 due to the breaking of the degenerescence. It
can also be veriﬁed that the enhancement of the intensity are
not uniform being the rate of increase of the 1001 nm peak bigger
than the 975 nm peak. The inset of Figure 5 shows the dependence
of the integrated luminescence with Yb2O3 concentration. Quench-
ing of the luminescence is not observed. Additionally, we did not
detect emission near 500 nm which is a ﬁngerprint of cooperative
emission effects. Both facts furnish strong evidences that there is
no cluster formation of Yb3+ in the PZABP system which is a hint
that this glass is a good candidate for photonic applications or laser
devices. As a ﬁnal remark, the PZABP matrix presents emission
around 1052 nm.
Table 1
Spectroscopic and laser performance parameters of Yb3+ in the glass system PZABP.
Glass rabs
(975 nm) (1020 cm2)
rem
(1001 nm) (1020 cm2)
scal
(ms)
sexp
(ms)
g
(%)
bmin
(1001 nm)
Isat
(kW/cm2)
Imin
(kW/cm2)
rem  sexp
(1020 cm2 ms)
PZABP + 1Yb3+ 1.27 0.30 1.449 1.114 76 0.214 14.40 3.08 0.33
PZABP + 2Yb3+ 1.34 0.36 1.293 0.922 70 0.214 16.49 3.53 0.33
PZABP + 3Yb3+ 1.33 0.36 1.299 0.750 57 0.214 20.43 4.37 0.27
PZABP + 4Yb3+ 1.30 0.36 1.320 0.669 50 0.214 23.44 5.02 0.24
PZABP + 5Yb3+ 1.37 0.38 1.160 0.550 47 0.214 25.19 5.39 0.21
PZABP + 6Yb3+ 1.32 0.36 1.299 0.511 39 0.214 30.22 6.47 0.18
PZABP + 7Yb3+ 1.30 0.36 1.313 0.574 43 0.214 27.28 5.84 0.21
PZABP + 8Yb3+ 1.34 0.36 1.291 0.443 34 0.214 34.35 7.35 0.16
PZABP + 9Yb3+ 1.37 0.36 1.278 0.432 34 0.214 34.39 7.36 0.16
PZABP + 10Yb3+ 1.34 0.36 1.299 0.465 35 0.214 32.70 7.00 0.17
Figure 4. Absorption and emission cross-sections spectra of sample 1 (wt%) Yb2O3.
The line shapes of the absorption and emission cross-sections spectra are almost
identical for all the samples.
Figure 5. PL spectra of PZABP + xYb samples where x = 0,. . .,10. There is a non-
uniform enhancement of the luminescence with the increase of Yb3+ concentration
which is devised as one compares the 1001 nm peak with the 975 nm one. The inset
shows the dependence of the integrated luminescence with Yb2O3 concentration.
Figure 6. Experimental lifetime of the level 2F5/2 (solid squares) and variation of
inter-ionic distance (solid circles) with Yb3+ ions concentration (ions/cm3) in PZABP
system glassy.
Figure 7. Fourier transform infrared transmittance for the PZABP glassy system.
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In order to optimize the role of Yb2O3 in PZABP, the lifetime
(calculated and experimental) of the level 2F5/2 and its quantum
efﬁciency were estimated according to the concentration of
Yb2O3. This is presented in Table 1. Long lifetime allows highpopulation inversion which is an important characteristic for laser
application. From the table it is observed that both experimental
and theoretical lifetime diminish with the Yb3+ concentration.
The curves have exponential decay obtained for all concentrations
of Yb3+ ions. When an isolated Yb3+ ion is considered in the 2F5/2
metastable state, the ﬂuorescence decay is purely exponential,
with a time constant, s. The experimental lifetime decreases with
increasing concentration of Yb2O3, as shown in Figure 6. In the ﬁg-
Table 2
Spectroscopic and laser performance parameters of Yb3+ in other vitreous systems.
Glass rabs
(975 nm) (1020 cm2)
rem
(1001 nm) (1020 cm2)
scal
(ms)
sexp
(ms)
bmin
(1001 nm)
Isat
(kW/cm2)
Imin
(kW/cm2)
rem  sexp
(1020 cm2 ms)
PN-20 [14] – 1.36 – 1.09 0.058 8.89 0.51 1.48
GP [25] 1.20 0.60 – 0.80 – – 2.80 0.48
30PT1Yb [26] 1.26 1.70 1.19 1.26 – – 1.79 2.14
30PT3Yb [26] 1.16 1.55 2.11 1.15 – – 2.14 1.78
30PT5Yb [26] 1.12 1.50 1.28 0.94 – – 2.70 1.41
PNK [27] – 1.08 – 2.00 – – 1.29 2.16
YTG [28] – 2.35 – 0.90 – – 0.81 2.12
GPB1 [29] 1.50 0.80 – 0.54 – – 2.00 0.43
PFB [30] 2.56 1.07 – 0.81 – – – 0.87
BSBMYb1 [31] 1.77 1.39 0.71 0.66 0.210 17.30 3.70 0.92
BSBMYb2 [31] 1.46 0.97 1.05 0.50 0.210 27.00 6.00 0.49
BSBMYb3 [31] 1.39 0.72 1.20 0.41 0.210 31.00 6.90 0.29
PKSAYb01 [32] 1.57 2.11 1.03 1.04 0.151 12.99 1.96 2.19
PKSAYb05 [32] 2.19 2.92 1.07 0.80 0.171 11.73 2.00 2.34
PKSAYb10 [32] 1.85 2.47 1.10 0.74 0.157 16.40 2.58 1.83
PKSAYb20 [32] 1.46 1.91 1.14 0.38 0.161 36.94 5.97 0.73
PKSAYb40 [32] 0.98 1.30 1.33 0.28 0.150 84.03 12.68 0.36
PKSAYb60 [32] 1.29 1.74 1.26 0.27 0.147 67.66 9.95 0.47
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[19]. It is clearly seen that the experimental lifetime behavior
accompanies the inter-ionic distance behavior. This shows that
the main mechanism of lifetime quenching is due the energy trans-
fer between Yb3+ ions neighbors. Abnormal increase in the lifetime
is veriﬁed in the sample with 7% wt of Yb2O3. This increase is as-
signed to the radiative trapping or radiative energy transfer be-
tween Yb3+ neighbor ions resonant with the 2F7/2? 2F5/2
transition [20,21].
The quenching of the lifetime, according to Eq. (9), is due to en-
ergy migration among ions Yb3+ and/or energy transfer between
the ions Yb3+ and OH directly attached to the PZABP. This is
shown Figure 6. The OH groups has a broad and intense band
around 3000–3600 cm1 in phosphate glasses. To achieve opti-
mum laser performance, OH- should be minimal in glasses. We
can observe in the Fourier transform infrared transmittance spec-
tra of Figure 7 a broad absorption band around 3000 cm1 for the
PZABP. This band is attributed to the stretching of the OH vibra-
tions [22]. The free OH group present in the glasses is associated
in the network of the glass former through hydrogen bonding.
The probability of multiphonon relaxation (Wmp) can be ne-
glected because it would require 9 phonons to obtain the gap en-
ergy (10770 cm1) between the levels 2F5/2 and 2F7/2 in
phosphate glasses [23,24]. The content of Yb3+ and of free OH
group are large enough to cause energy transfer between excited
Yb3+ ions and free OH groups. This implies that OH should play
a vital role in the decrease of the lifetime of the level 2F5/2 and the
consequent reduction of the quantum efﬁciency, g.
3.5. Laser performance parameters
In order to evaluate potential lasing performance of the samples
in diode-laser pump systems, we determined the values of bmin,
rem  sexp (ﬁgure of merit), Isat (pump saturation intensity) and
Imin (minimum absorbed pumping intensity) [14,15]. The results
are shown in Table 1. The values are comparable to those reported
in other vitreous systems as shown in Table 2. We have found the
following values: (a) 0214 for bmin for all samples; (b) the range
from 14.40 to 32.70 kW/cm2 for Isat; and (c) 3.08 to 7.00 kW/cm2
for Imin.
The values of bmin remain constant with increasing concentra-
tions of Yb2O3. We have found low values for Isat comparable to
other glassy systems. The values of pump saturation intensity
should be low to minimize the intensity of the pumping Imin whichis necessary in order to have a good glass laser. Also the ﬁgure of
merit, given by rem  sexp, should be as large as possible in order
to provide a high gain. We observed that the sample with 1 and
2 wt% of Yb2O3 possesses the highest values of the ﬁgure of merit
(0.33  1020 cm2 ms) when compared to other concentrations.
Moreover, for higher concentrations of Yb2O3, the ﬁgure of merit
drops markedly.
4. Conclusions
In this work, we have encountered interesting results that point
to the application of Yb3+: PZABP glass for photonic applications or
laser devices. No evidence of formation of clusters of Yb3+ and
cooperative luminescence was found for all concentrations used.
From the absorption coefﬁcient, the incorporation of Yb3+ by the
matrix is linear with doping concentration. The sample exhibits a
broad emission with peaks at 975 and 1001 nm and it was found
that the integrated luminescence area increases with increasing
concentration. We have found the emission cross-sections to eval-
uate the laser performance parameters which have values compa-
rable to other vitreous systems. Concentrations of 1 and 2 wt% of
Yb2O3 possess higher ﬁgure of merit. The quantum efﬁciency of
these samples also showed high values. For the lifetime, it de-
creases exponentially with the increase of Yb2O3 concentration.
As PZABP glass is almost transparent from the visible to deep-UV
range, it could be doped with other rare earth ions having UV emis-
sion which can be sensitized by Yb3+ ions.
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